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The signaling molecule Sonic hedgehog (Shh) is required for differentiation of the vertebrate retina. In the developing zebrafish retina, shh
expression is initiated at the ventronasal region, from where it spreads as a wave through the retina. To investigate the molecular mechanism
underlying this coordinated expression of shh, we mapped the cis-regulatory region and identified a novel regulatory sequence in the first intron of
the shh locus. This sequence contains binding sites for the transcription factors Erm and Pea3 that are known transducers of Fgf signaling.
Mutation of the binding sites or knockdown of Pea3 and Erm abolishes transgene expression, indicating that Fgf signaling regulates shh
expression in the retina. We provide evidence that Fgf3 and -8 control initiation of expression, while Fgf19 is crucial for the propagation of
transgene expression through the retina. Inhibitor experiments indicate a continued requirement of FGF and Hedgehog (Hh) signaling for
transgene expression after initiation at the ventronasal aspect of the retina. We propose a model, in which Fgf3 and -8 initiate expression and Fgf19
and Shh signals cooperate subsequently to promote establishment of expression throughout the retina.
© 2007 Elsevier Inc. All rights reserved.Keywords: Retina; Zebrafish; Enhancer; Shh; Gene regulationIntroduction
The vertebrate retina is composed of seven types of neurons
that are arranged in three layers: the ganglion cell layer (GCL)
consisting of retinal ganglion cells (RGC), the inner nuclear
layer (INL) consisting of amacrine, bipolar, horizontal, Müller
glia cells and the outer nuclear layer (ONL) consisting of
photoreceptors—the rods and cones (Livesey and Cepko, 2001).
The secreted protein sonic hedgehog (Shh) plays many roles
in the development and body homeostasis (Ingham and
McMahon, 2001). During vertebrate eye development shh
acts at several distinct levels (Amato et al., 2004; Esteve and
Bovolenta, 2006; Russell, 2003). An early function of shh is the
splitting of the eye field into two lateral optic primordia
followed by induction of optic stalk tissue at the expense of
neural retina (Ekker et al., 1995; Macdonald et al., 1995; Perron
et al., 2003; Take-uchi et al., 2003). Mutations in shh cause
cyclopia in mice and humans (Belloni et al., 1996; Chiang et al.,
1996; Roessler et al., 1996). During subsequent steps of eye⁎ Corresponding author. Fax: +49 7247 82 3354.
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doi:10.1016/j.ydbio.2007.11.034development, Shh signaling controls neurogenesis in the retina.
For example in the chicken retina, low shh concentrations
stimulate retinal progenitors to differentiate into retinal ganglion
cells (RGC), while higher shh concentrations inhibit RGC
differentiation (Zhang and Yang, 2001). In the zebrafish retina,
differentiation of RGCs, cells of the inner nuclear layer as well
as photoreceptors require Shh (Neumann and Nuesslein-
Volhard, 2000; Shkumatava et al., 2004; Stenkamp and Frey,
2003; Stenkamp et al., 2000). Moreover, layering of the retina is
severely disturbed in zebrafish and mice lacking Shh function
(Neumann and Nuesslein-Volhard, 2000; Stenkamp et al., 2002;
Wang et al., 2002). Shh can act as a mitogen in the developing
retina (Amato et al., 2004; Jensen and Wallace, 1997; Levine et
al., 1997; Roy and Ingham, 2002) but has also been reported to
direct cell-cycle exit by activating p57Kip2 (Shkumatava and
Neumann, 2005). In Xenopus embryos, Shh speeds up the cell
cycle by reducing the length of the G1 and G2 phases. This
modulation of the cell cycle may be involved in the conversion
of slow cycling stem cells to fast cycling transient amplifying
progenitor cells (Locker et al., 2006). Although species-specific
roles of Shh may seem to exist (Amato et al., 2004), these latter
findings in Xenopus are consistent with the observation that Hh
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likely through the stimulation of progenitor cell proliferation
(Spence et al., 2004).
In zebrafish, the first RGCs are generated in the ventronasal
retina close to the optic stalk and differentiation spreads to other
regions in a fan-like manner (Hu and Easter, 1999). The pattern
of neurogenesis is different in the retina of chicken, mouse and
Xenopus where it is initiated in the central retina and then
spreads peripherally (Holt et al., 1988; Jensen and Wallace,
1997; Martinez-Morales et al., 2005). In zebrafish, neurogenesis
is accompanied by two waves of gene expression emanating
from the ventronasal point of initiation. Expression of the basic
helix–loop–helix transcription factor ath5 sweeps across the
differentiating retinal ganglion cells (RGCs) and is then
maintained in the periphery of the retina (Masai et al., 2000).
Ath5 (also called lakritz) mutant embryos do not develop
RGCs (Kay et al., 2001). Slightly later, shh expression is
initiated in the ventronasal region and then gets activated in the
GCL (Neumann and Nuesslein-Volhard, 2000) and amacrine
cells of the inner nuclear layer (INL) in a similar fan-like fashion
(Shkumatava et al., 2004).
The initiation of neurogenesis in the retina depends on Fgf
signals. In zebrafish and chicken, Fgf3 and Fgf8 secreted from
the optic stalk form an organizing center for retinal neurogenesis
(Martinez-Morales et al., 2005). In zebrafish, blocking shh
function by pharmacological means after initiation of shh
expression in the retina impairs the spread of shh expression
and neurogenesis in the retina (Neumann and Nuesslein-Volhard,
2000). This suggested that shh regulates the wave-like expansion
of its own expression through the retina (Neumann and
Nuesslein-Volhard, 2000) reminiscent to that seen in the Droso-
phila eye imaginal disc (Dominguez and Hafen, 1997). It is not
known whether Fgf signals are involved in the control of shh
expression in the retina or whether this is a process independent
of the Fgf-driven neurogenesis. It is also a matter of dispute,
when Hh signals act (Kay et al., 2005; Masai et al., 2005). It has
been proposed that Hh signals derived from the midline of the
body axis during the segmentation period are sufficient to drive
neurogenesis later in the post-somitogenesis retina (Kay et al.,
2005). In contrast, Masai et al. (2005) suggested that Hh signals
act at short range within the retina during neurogenesis in
agreement with previous reports (Neumann and Nuesslein-
Volhard, 2000; Shkumatava et al., 2004).
To investigate the molecular mechanisms controlling shh
expression in the eye, we searched the shh locus for cis-
regulatory elements with activity. We report here the identifica-
tion of an enhancer in the first intron, which drives shh
transgene expression in the retina in the ventronasal initiation
site and in a wave-like manner through the GCL and INL. We
provide evidence that this enhancer is a target of the FGF signal
transducers Pea3 and Erm and that multiple Fgfs (Fgf3, 8 and
19) are involved in regulation of expression in the retina. Spread
of expression requires continued Fgf and Shh activity. Knock-
down of Fgf19 blocks expansion of expression but permits
initiation in most cases. A similar phenotype was observed in
shh mutants. Our data are consistent with a model, in which
Hh and Fgfs act at multiple steps in the establishment andpropagation of expression in the retina and in which Fgf19 and
Shh cooperate to drive expression in the INL and GCL.
Materials and methods
Fish stocks
Zebrafish (Danio rerio) were maintained at 28 °C (Westerfield, 1993). The
developmental stages of the embryos were determined by the hours post
fertilization (hpf) and by morphological features (Kimmel et al., 1995). The shh
mutant allele syut4 and smoothened mutant allele smub577 has been described
previously (Schauerte et al., 1998; Varga et al., 2001). Transgenic lines -2.4shh:
gfpABC, -2.4shh:gfpA, -2.4shh:gfpB and -2.4shh:gfpC were reported previously
(Ertzer et al., 2007).
Construction of plasmids
Plasmid -2.4shh:gfpRetE was constructed by inserting a PCR-amplified NotI/
SpeI fragment corresponding to positions +549 to +2020 of the shh gene into the -
2,4shh:gfpSceI plasmid (Ertzer et al., 2007). Mutant constructs were generated
with PCR primers carrying nucleotide exchanges. The sequences of the
oligonucleotides and further details of the construction of the plasmids are
available upon request.
Microinjection and expression analysis
Double stranded plasmids with SceI meganuclease sites were injected as
described (Thermes et al., 2002). Stable lines were generated as reported
previously (Ertzer et al., 2007). Transient and stable GFP expression in the retina
was documented using a Leica DMIRBE inverted microscope and Leica
confocal microscope, respectively. Morpholino oligonucleotides (MOs) were
synthesized by Gene-Tools, LLC (Corvallis, OR). The sequences of MOs used
are as follows: MO-pea3 5′AATCCATGCCTTAACCGTTTGTGGT3′, control
(Ctrl) MO-pea3 5′ATCgATGCgTTAAgCcTTTcTGGT3′, MO-erm 5′
GTTCCTGCATGTGAGACTT TTTGG, Ctrl MO-erm 5′GTTgCTGCATcT-
GAcAgTTATTTcG 3′. Mismatch nucleotides in control morpholinos are
indicated with lower case letters. The morpholinos were prepared and injected
into embryos as reported earlier (Nasevicius and Ekker, 2000). The sequences of
Fgf19, Fgf3, Fgf8 morpholinos and the corresponding mismatch morpholinos
were described previously by others (Maroon et al., 2002; Miyake et al., 2005).
In situ hybridization and analysis of whole mounts were performed as
reported (Oxtoby and Jowett, 1993). The antisense probes of Erm and Pea3 were
in vitro transcribed from the pCSII plasmids (Munchberg et al., 1999). For
sectioning, in situ hybridizations with erm and pea3 probes were performed on
whole mounts at 34 hpf. Embryos were embedded in EPON 812 and 3-μm thin
sections were cut using a microtome. The sections were transferred on to slides
and documented using a Leica DM 5000 microscope.
Time lapse analysis
Time lapse analysis was done on a SP5 Leica confocal equipped with a DMI
6000 microscope. Transgenic -2.4shh:gfpRetE embryos were dechorionated and
embedded in 0.5% low melting point agarose with 0.02% tricaine on a coverslip
bottomed dish. After agarose polymerization, embryos were covered with
embryo medium with 0.02% tricaine. Time lapse imaging was performed from
35 hpf until 54 hpf using a HC PL APO 20X 0.7 Dry objective. Z series were
obtained at 25-min intervals with 5-μm steps over a total distance of 80 μm and
then imported into ImageJ. Four z-planes were chosen and movies were
compiled using the ImageJ software.
SU5402 and forskolin treatment
-2.4shh:gfpRetE Transgenic embryos were dechorionated and treated with
16 μM SU5402 (Calbiochem) in 0.02% DMSO or with 0.02% DMSO alone as
vehicle control from 24–48 hpf and 34–48 hpf. Embryos were treated with
0.3 mM forskolin (Sigma) in 0.01% DMSO or with 0.1% DMSO alone from 24
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After removing embryos from the chemical, washing in embryo medium and
further incubation, transgene expression was analyzed at the time points
indicated.
Electro mobility shift assay (EMSA)
EMSAs were performed using GST fusion proteins of Erm- and Pea3-ETS
domains. To this end, the ETS domain (Brown et al., 1998) was amplified using
the following primers and cloned into the BamH1/Xho1 sites of the pGEX-4T3
expression vector. Erm-forward: 5′ATTAATGGATCCACGGCCCTCCA-
TATC3′, Erm-reverse: 5′ATTAATCTCGAGCATCGGATCACAGAC3′, Pea3-
forward: 5′ATTAATGGATCCTTCGTGAAGGTGCCC3′, Pea3-reverse 5′
ATTAATCTCGAG CTTCTGGCTCACCAC3′. Recombinant proteins were
produced as described (Brown et al., 1998). Synthetic oligonucleotides were
subjected to annealing and 32P-labeling with T4 kinase (Chang et al., 1997).
Purified fusion protein was incubated with 0.01 pmol 32P-labeled wild-type or
mutant probe in binding buffer (20 mM HEPES pH 7.9, 40 mM KCl, 2 mM
MgCl2, 1 mM DTT, 5% Ficoll and 0.2 mg/ml BSA). The sequence of the
oligonucleotides used are the following: RetE-forward: 5′GGG CAT GAA CAT
ATT GAC ATT TCT CCA AGG ATG CTC TCC GAT TTG TTT 3′, RetE-
reverse: 5′CCC GTA CTT GTA TAA CTG TAA AGA GGT TCC TAC GAG
AGGCTAAACAAA 3′, M13-WT-forward: 5′TTT CTC CAAGGATGC TCT
CCG ATT TGT TTC T 3′, M13-WT-reverse: 5′AAA GAG GTT CCT ACG
AGA GGC TAA ACA AAG A 3′, M13-MUT-forward: 5′TTT CTC CAA aaa
cGC TCT CCG ATT TGT TTC T 3′, M13-MUT-reverse: 5′AAA GAG GTTttt
gCG AGA GGC TAA ACA AAG A 3′. The mutant nucleotides in M13-MUT
are indicated by lower case letters.Fig. 1. Expression patterns of shh transgenes in the retina. Transgenic lines -2.4shh:g
inner nuclear layer (INL) of the zebrafish retina (A, C). In the -2.4shh:gfpB transgenic
gfpC (B, E) transgenes do not drive GFP expression in the retina. ‘L’ denotes lens. An
the enhancer constructs. ‘R’ indicates the expression in the retina and ‘T’ the number o
Scale bar, 50 μm. ‘++’: Expression in both GCL and INL; ‘+’: expression in GCL;For competition, cold probe was added in a range between 5- and 100-fold
higher concentration. After incubation for 30 min on ice, protein–DNA
complexes were separated on a 6% acrylamide gel and then processed for
autoradiography.Results
Two regions in intron 1 contribute to retina expression of the
shh transgene
Previously established transgenic lines that express green
fluorescent protein (GFP) under the control of shh regulatory
sequences in the central nervous system of the zebrafish
embryo (Ertzer et al., 2007) were analyzed for expression in
the retina. The wild-type lines -2.4shh:gfpABC (line 28, 24,
Fig. 1A) like the line 15 (Neumann and Nuesslein-Volhard,
2000) drive expression in the retina in both ganglion cell layer
(GCL) and in amacrine cells of the inner nuclear layer (INL).
Expression of GFP is initiated at the ventronasal aspect of the
retina close to the optic stalk at 30 hpf and spreads then over
the entire retina in the next 16–18 h data not shown and
(Neumann and Nuesslein-Volhard, 2000). When the activating
regions (ar) ar-A, ar-B and ar-C were deleted (-2.4shh:gfp),
expression in the retina was lost (2/2 lines, Fig. 1B) butfpABC and -2.4shh:gfpA drive expression in the ganglion cell layer (GCL) and
line, GFP expression is seen only in the GCL (D). The -2.4shh:gfp and -2.4shh:
terior is to the top in all images. Confocal images taken at 72 hpf. (F) Outline of
f stable transgenic lines showing retina expression out of the total lines analyzed.
‘−’ no GFP expression in retina.
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shown). Thus, the intronic regions to which previously
notochord, floor plate and brain enhancers were mapped
(Ertzer et al., 2007; Muller et al., 1999) seem to be crucial for
driving expression in the retina.
To map the location of the retina regulatory region more
precisely, we analyzed deletion lines that contained either ar-A,
ar-B or ar-C downstream of the GFP reporter. The transgene-
2.4shh:gfpA (4/4 lines) and -2.4shh:gfpB (2/4 lines) mediated
both expression in the retina (Figs. 1C, D). The latter line
expressed GFP, however, only in the GCL and gave more
frequently mosaic expression and reduced penetrance. The -
2.4shh:gfpC (2/2 lines) did not drive expression in the retina
(Fig. 1E). Thus, two enhancer regions ar-A and ar-B with
overlapping but different expression activity contribute to
expression in the retina. Since the ar-A fragment mediated more
robust expression and was active in both the INL and GCL we
focused our further analysis on this region.
A 300-bp region is necessary and sufficient to drive expression
in the retina
We narrowed down the sequences responsible for retina
expression in the 1.9-kb ar-A fragment using a deletion
strategy (Fig. 2A). This region contains a 350-bp conserved
sequence (+2021 to +2381) that mediates notochord expres-
sion in the zebrafish (Muller et al., 1999; Strahle et al., 2004).
Moreover, the highly related sequence in mouse Shh has
previously been proposed to drive expression in the mouse
retina, thus being the prime candidate for the retina enhancer
(Mu et al., 2004). When we deleted this region, transgenic
embryos still expressed in the retina in a pattern similar to
transgenes containing the whole ar-A at 72 hpf (Figs. 2B, C).
Expression levels were, however, slightly lower in the GCL.
The conserved region from +2021 to +2381 alone is not
sufficient to mediate retina expression (Fig. 2D). Thus, distinct
sequences (from +549 to +2020) upstream of the conserved
region are required for retina expression.
To further delineate the region, we generated a series of 200-
bp internal deletions spanning sequences between +549 and
+2020 (Fig. 2A). These constructs were tested by transient
expression assays, which can lead to higher mosaicism of
expression than expression from stably integrated transgenes
(Westerfield et al., 1992). Deletion of the region from +549 to
+728 shows a normal expression pattern (Figs. 2A, E) while
the other deletion from +549 to +954 abolished expression in
the retina at 72 hpf (Fig. 2A and data not shown). This
suggests that the retina element is located between +729 and
+954. These results were confirmed by 3′ deletions narrowing
down the regulatory region to sequences between +829 and
+1035 (Figs. 2A, F, G).
A fragment containing the sequences between +729 and
+1035 (-2.4shh:gfp+729/1035) inserted downstream of the
-2.4shh:gfp reporter-mediated retina expression (Fig. 2H).
When this region was excised from a larger fragment containing
sequences from +549 to +2020 expression was lost (Fig. 2I).
Thus, this 300-bp long fragment from +729 and +1035 isnecessary and sufficient to drive expression in the retina in the
context of the shh promoter. We refer to this region as the retina
enhancer (RetE) of the shh gene.
The other previously mapped enhancers in the introns of
shh show a remarkable synergy in the maintenance of
expression in the hypothalamus (Ertzer et al., 2007). We
wanted to know whether the activity of RetE is dependent on
the shh promoter. To this end, the fragment from +549 to
+2020 was inserted downstream of a minimal Herpes simplex
virus thymidine kinase (tk) promoter gfp cassette -37tk:gfp
(Rastegar et al., 2002), and analyzed by transient expression.
The tk:gfp cassette was inactive by itself in transient
experiments (0/42 embryos, data not shown and Rastegar et
al., 2002). Expression in both the INL and GCL was obtained,
however, when a RetE containing fragment (+549 to +2020)
was present downstream of the tk promoter (21/47 embryos,
Fig. 2J). Hence, the activity of the RetE is not restricted to the
shh promoter.
We next established the dynamics of -2.4shh:gfpRetE
expression in the retina by time lapse video-microscopy. As
in the case of the full-length ar-A construct, the -2.4shh:
gfpRetE line first expressed in the ventronasal region close to
the optic stalk at 35 hpf and then expression spread from there to
the GCL and INL (Figs. 2K–M, also Supplementary movie S1).
Low levels of expression were first detected at the ventronasal
aspect (Fig. 2K). This expression spread then dorsally to other
regions of the retina (arrowheads, Fig. 2L to N). At 54 hpf,
transgene expression is detected in the GCL and INL (Fig. 2O).
Overall expression levels were still increasing throughout the
retina at this stage.
The functional core of the retina enhancer is conserved
between zebrafish and amniote shh genes
A systematic mutational scan was designed to identify core
sequences with higher resolution (Fig. 3A). Clusters of 20-bp
mutations were introduced over the region in the RetE (+729
to +1035) sequence and the mutant enhancers were inserted
downstream of the -2.4shh:gfp cassette. The resulting
constructs were analyzed by transient expression in 72 hpf
embryos (Figs. 3B to P). Mutation of the 20-bp region (M12,
+957 to +976) abolished expression in the retina completely
(Fig. 3M). As expected, the expression in the floor plate of the
midbrain and hindbrain of these constructs was unaffected
(data not shown) indicating that loss of retina expression was
due to the point mutations in the M12 region. Mutations in the
adjacent 20-bp segment (M13, +977 to +996) led to loss of
GCL expression while expression was retained in the INL
(Fig. 3N). None of the other mutations abolished the
expression of the transgene (Figs. 3B to L and O, P). These
results were confirmed by the analysis of stable transgenic
lines (4/4 lines, -2.4shh:gfpM12; 2/2 lines, -2.4shh:gfpM13,
data not shown): the stably integrated transgenes showed the
same pattern of expression as the transiently expressing
transgenes.
This core region of the retina enhancer was found to be
highly conserved in the sequence of intron 1 of the
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computational search for transcription factor binding sites
(Transfac 6.0,www.gene-regulation.com%20) gave threescores with variable degrees of similarity to the consensus
binding site of the ETS transcription factors, Erm and
Pea3 (Fig. 4).
Fig. 3. Fine mapping of the 300-bp RetE region. Non-overlapping clusters of point mutations of 20 bp were introduced into -2.4shh:gfpRetE from +729 to +1035 of
the shh locus (A). The activity of mutant constructs M1–M15 was analyzed by transient expression (B–P). Clustered mutation M12 led to the complete loss of GFP
expression (M) whereas mutation M13 abolished GFP expression exclusively in the GCL but not in the INL (N). All other mutant constructs show expression in both
layers (B–L, O, P). L, lens; GCL, ganglion cell layer; INL, inner nuclear layer. Scale bar, 50 μm.
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in the retina
Since Erm and Pea3 can act downstream of FGF signaling
(Raible and Brand, 2001; Roehl and Nusslein-Volhard, 2001),
the two Ets factors were likely regulators of the retina enhancer.Fig. 2. Deletion mapping of the retinal enhancer (RetE). A series of deletion constru
retina. Transgenes carrying the region from +549 to +2381 and +549 to +2020 drive e
region as ar-A from +2021 to +2381 failed to show any GFP expression in the retina
shh sequence from +729 to +2020 and +549 to +1035 mediate expression in the retin
retina expression (G). Embryos injected with the -2.4shh:gfpRetE plasmid with the
embryos injected with the -2.4shh:gfp+549/2020 plasmid with an internal deletion f
with the RetE (+549 to +2020) in the context of a heterologous thymidine kinase (-37
all images and embryos were photographed at 72 hpf. (K–O) In vivo time lapse imag
recording of -2.4shh:gfpRetE expression in the retina, starting at 35 hpf and ending
expression; L, lens; GCL, ganglion cell layer; INL, inner nuclear layer. Scale bar, 50
GFP expression in the retina.We checked thus next by RNA in situ hybridization whether the
two factors are indeed expressed in the retina at the time when
the shh enhancer is active.
At 34 hpf, erm mRNA could be detected throughout
the retina with higher levels in the GCL (Fig. 5A). High
levels of pea3 mRNA were also present in the GCL whilects were generated (A) to identify the region required for shh expression in the
xpression in the GCL and INL (B, C). The transgene carrying only the conserved
(D). Transient expression of deletion constructs (E–J). The constructs carrying
a (E, F). The construct containing shh sequences from +549 to +829 did not give
minimal region +729 to +1035 have GFP expression in the retina (H), while
rom +729 to +1035 failed to drive expression in the retina (I). Embryos injected
Tk) promoter -37tk:gfpRetE show retina expression (J). Anterior is to the top in
ing of -2.4shh:gfpRetE expression in the retina. Single frames taken from a film
at 54 hpf. The spread of GFP expression is marked by arrowheads. R, retinal
μm, panels B–J; 25 μm, panels K–O. +/− Indicates the presence or absence of
Fig. 4. The 40-bp sequence mutated in M12 and M13 is highly conserved in intron 1 of human (HS), mouse (MM), chicken (GG) and zebrafish (DR) shh. Identical
nucleotides are indicated in red. Three binding sites (BS) for Erm and Pea3 were identified in the M12 and M13 region using the Transfac 6.0 PATCH program. BS1
and BS2 have lower similarity to weight matrices than BS3. Consensus of Erm and Pea3 with ETS motif (underlined) is provided along with a matching of them to the
predicted sites. Arrows indicate the directionality of the binding sites. Green boxes mark the ETS motif in the binding sites.
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retina (Fig. 5B). Thus, both transcription factors are expressed
in the retina at a time when the shh retina enhancer is
active.
We next tested whether Pea3 and Erm can bind to the RetE
region (Fig. 5C, Probe). The DNA-binding domains of Erm and
Pea3 were expressed in Escherichia coli as GST fusion proteins
and incubated with radioactively labeled, 40-bp long double-
stranded oligonucleotide covering the M12–M13 (+957 to
+996) region of the retina enhancer. A retarded band was
observed when the enhancer fragment was incubated with
recombinant GST-Erm or GST-Pea3 (Fig. 5C, lanes 2, 8).
Complex formation was strongly reduced by addition of cold
competitor (Fig. 5C, lanes 3, 4, 9, 10), which comprised the
M13 region (Fig. 5C, M13 wt). When an oligonucleotide with
4-point mutations in the core of the putative Pea3/Erm-binding
site in M13 was used as competitor (Fig. 5C, M13 mut), the
retarded complexes were not reduced by a 50- to 100-fold molar
excess of competitor DNA (Fig. 5C, lanes 5, 6, 11, 12). These
results suggest that the interaction of the proteins with the M12–
M13 probe is specific. The M12 region alone can also interact
with GST-Pea3 and GST-Erm specifically although this
interaction appears weaker, requiring only 5- to 10-fold molar
excess of competitor DNA to abolish binding (data not shown).
Taken together these in vitro binding experiments suggest that
Erm and Pea3 can interact with both the M12 and M13 region.
If Pea3 and Erm play indeed a role in the activity of the
retina enhancer, one would expect that knockdown of the
proteins would abolish transgene expression. Injection of either
MO-erm (at 1 μg/μl, n=30) or MO-pea3 (at 1 μg/μl, n=27)
alone did not affect the expression of the transgene (Figs. 5D
to E). Only when the two morpholinos were combined that we
observed loss of expression in the retina of 48-hpf-old embryos
(Fig. 5G, n=51, 100% at 1 μg/μl total morpholino). Theexpression of the -2.4shh:gfpRetE transgene in the midline of
the CNS was not affected demonstrating that the morpholino
cocktail abolished specifically expression of the transgene in
the retina. Co-injection of morpholinos that contained 4 base
substitutions in comparison to MO-erm and MO-pea3 did not
abolish expression of the transgene (Fig. 5F, n=28, 100%).
The fact that the MO-pea3 and MO-erm on their own as well
as the base-substituted controls did not lead to reduction of
expression demonstrates that the effects of the morpholinos are
specific. Taken together these results suggest that both Erm
and Pea3 are required for the expression of the shh transgene
in the retina.
FGF signaling is required for initiation and progression of
expression in the retina
FGF signals from the optic stalk have previously been
suggested to be required for initiation of neurogenesis in the
retina of the zebrafish embryo (Martinez-Morales et al., 2005).
Given the apparent dependence of the retina enhancer on the
activity of the FGF signal transducers Erm and Pea3, FGF
signaling may be required not only for initiation but also for
expression throughout the entire retina.
To assess whether FGFs are required for initiation and
propagation of transgene expression, we applied the FGF
inhibitor SU5402 either before (24 hpf) or after establishment of
retinal expression (34 hpf) (Fig. 6A). SU5402 is an effective
inhibitor of the tyrosine kinase activity of FGF receptors
(Mohammadi et al., 1997). When -2.4shh:gfpRetE transgenic
embryos were exposed to 16 μM SU5402 from 24 to 48 hpf,
retina expression was completely abolished in comparison to
the vehicle control (Fig. 6B, n=38; 6C, n=58). This
demonstrates that FGF signaling is necessary for establishment
of -2.4shh:gfpRetE expression. When the inhibitor was
Fig. 5. Pea3 and Erm regulate expression in the retina. (A, B) Erm (A) and Pea3 (B) are expressed at low levels throughout the retina with higher levels in the GCL at
34 hpf. (C) In vitro binding of Erm and Pea3 to the RetE probe (lanes 2, 8) and competition usingM13 wild-type andM13 mutant oligos (lanes 3–6, 9–12) (SC, shifted
complex; P, free probe). (D–G) Transgenic embryos (48 hpf) injected with eitherMO-pea3 (1.0 μg/μl) orMO-erm (1.0 μg/μl) had no effect on the expression pattern
(E, F) while those injected with a mixture of both morpholinos (combined 1.0 μg/μl morpholino) showed a complete loss of GFP expression in the retina (G).
Transgenic embryos injected with mismatch morpholinos show normal GFP expression in the GCL and INL (F). Anterior is to the top in all images. L, lens; GCL,
ganglion cell layer; INL, inner nuclear layer. Scale bar, 50 μm.
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initiated at 48 hpf but remained localized at the ventronasal
patch (Fig. 6F, n=35) when compared to controls (Fig. 6E,
n=38). This suggests that FGF signaling promotes also the
spread of the shh transgene expression through the retina.
Interestingly, when the inhibitor was washed out at 48 hpf,
expression of the -2.4shh:gfpRetE transgene recovered in a
pattern indistinguishable from that of wild-type embryos by
72 hpf (Figs. 6D, G). Taken together these data suggest that
FGF signaling is necessary for initiation as well as propagation
of expression throughout the retina.
Fgf3 and Fgf8 are required for initiation and Fgf19 for
propagation of retinal expression
Next, we asked which Fgfs are required for enhancer activity.
Candidates were the Fgf3 and Fgf8 proteins as they are
expressed in the optic stalk and have been implicated in drivingneurogenesis in the zebrafish eye (Martinez-Morales et al.,
2005). In addition, Fgf1 and Fgf19 (also named Fgf15 in mouse)
expression has been reported in the retina of different species
(McCabe et al., 1999; Miyake et al., 2005). To determine which
of these Fgfs regulate shh expression in the retina, a knockdown
approach using morpholinos (MO) was employed.
Injection of the MO-fgf3 (0.8 μg/μl) or MO-fgf8 (1.6 μg/μl)
alone was ineffective in blocking -2.4shh:gfpRetE transgene
expression at 48 hpf (Fig. 7A, n=31; Fig. 7B, n=39,
respectively). Enhancer activity was abolished, when a mixture
of morpholinos directed against fgf3 (0.8 μg/μl) and fgf8 (1.6 μg/
μl) were injected (Fig. 7D, n=41). Retinas of double knockdown
embryos showed a disturbed pattering of cell layers (data not
shown)—a phenotype similar to that of embryos lacking
hedgehog activity (Shkumatava et al., 2004). Injection of a
cocktail of control MOs for fgf3 (0.8 μg/μl) and fgf8 (1.6 μg/μl)
with mismatches did not affect transgene expression (Fig. 7C,
n=45). Thus, fgf3 and fgf8 are required for transgene expression.
Fig. 6. FGF signaling is required for initiation and propagation of GFP expression. (A) Scheme of SU5402 treatment at different time points. (B, E) Treatment of
embryos with DMSO at any time does not show alterations in transgene expression. Embryos treated with SU5402 from 24 hpf show a complete loss of expression in
the retina (C) while those treated from 34 hpf show a few GFP cells (arrow) at the initiation point (F). Expression recovered when the embryos were removed from
SU5402 at 48 hpf and allowed to grow until 72 hpf (D, G). Confocal pictures at 48 hpf (B, C, E, F) and 72 hpf (D, G) with anterior to the top. L, lens. Scale bar, 50 μm.
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embryos (Miyake et al., 2005). When a morpholino directed
against fgf19 (1 μg/μl) was injected into -2.4shh:gfpRetE
transgenics, expression in the ventral nasal region was initiated
in most injected embryos at 48 hpf (Fig. 7E, 66%, n=58), but
expression did not spread through the retina as seen in retinas of
control morpholino (1 μg/μl)-injected embryos (Fig. 7F, 100%,
n=28). Fgf19morphants developed an optic stalk that expressed
fgf8, suggesting that knockdown of Fgf19 does not impair optic
stalk formation (data not shown). Knockdown of the zebrafish
homologue of chicken fgf1 did not abolish expression in the
retina (data not shown). Taken together these data are consistent
with a role of Fgf3 and Fgf8 in the establishment of expression in
the ventronasal region. Subsequent expansion of expression
through the entire retina requires the activity of Fgf19.Transgene expression requires hedgehog signaling
It has been suggested previously that Shh is necessary for the
propagation of shh expression and neurogenesis through the
retina of the zebrafish embryo (Neumann and Nuesslein-
Volhard, 2000). These results were questioned with respect to
neurogenesis (Kay et al., 2005). It was proposed that Hhs
derived from the developing axis at earlier segmentation stages
would be sufficient to drive neurogenesis in the retina.
However, Masai et al. (2005) argued that short-range Hh
signals within the retina are important for neurogenesis. Our
results suggest that Fgfs play crucial roles in the initiation and
propagation of RetE-driven expression in the retina. For these
reasons, we wished to examine the role of Hh signaling for the
activity of RetE.
Fig. 7. Several Fgfs are required for transgene expression in the retina. Embryos
injected with either MO-fgf3 or MO-fgf8 show no effect on the transgene
expression in the retina (A, B) while those injected with a mixture of MO-fgf8
and MO-fgf3 block the transgene expression completely (D). Control embryos
injected with mismatch MO-fgf3 and mismatch MO-fgf8 have a normal GFP
expression pattern (C). Embryos injected with MO-fgf19 show initiation at the
ventral nasal patch (arrow) and subsequent spread is blocked (F). Control
embryos injected with mismatch MO-fgf19 had a normal GFP expression
pattern (E). Confocal pictures at 48 hpf with anterior to the top. L, lens. Scale
bar, 50 μm.
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2001) mutants that lack the crucial membrane-bound Hh
signaling component smoothened fail to express the -2.4shh:
gfpABC15 transgene in the retina at 72 hpf (Figs. 8A, B) even
though strong expression remained in the midline of the
CNS—a Hh-independent domain of expression in the
zebrafish (Strahle et al., 2004). When we analyzed shh
mutant sonic-you (syut4) (Schauerte et al., 1998) embryos
carrying the -2.4shh:gfpABC15 transgene, we detected initia-
tion of expression at the ventronasal aspect of the retina in
25% of mutant embryos at 72 hpf (Fig. 8C). The remaining
mutant embryos failed to establish expression in the retina.
This suggests that Shh signaling is required at multiple steps.
All smu and most of the syu mutant embryos failed toestablish transgene expression suggesting a requirement for
initiation. However, the fraction of syu mutants that succeed
to establish transgene expression in the ventronasal retina
indicate also an impairment of the propagation of the
expression wave. This suggests that shh is required for its
propagation in agreement with the earlier report (Neumann
and Nuesslein-Volhard, 2000).
As others previously (Kay et al., 2005), we failed to block the
expression of the transgene when we applied cyclopamine from
two independent commercial sources. Like Masai et al. (2005),
we resorted to use forskolin, an activator of protein kinase A, to
block Hh signaling in the developing retina.When forskolin was
applied at 24 hpf, expression of the transgene -2.4shh:gfpABC15
was limited to the initiation site (Fig. 8E; 100% embryos, n=24)
when compared to embryos treated with vehicle alone at 48 hpf
(Fig. 8D, n=18). This suggests that activation of PKA blocks
progression of the expression wave. Next, we asked whether the
effect of forskolin is reversible. After an initial block of the
spread of expression, we removed the drug and observed the
embryos 6 h later for transgene expression. Expression was
significantly expanded in 85% of embryos (Fig. 8F, n=23).
Thus, the block of PKA activity is reversible. These findings
underscore a requirement of Shh signaling for transgene
expression in post-somitogenesis stage retinas.
Discussion
We report here the identification and characterization of an
enhancer RetE in the first intron of the shh locus. RetE mediates
expression in the GCL and INL of the retina. Deletion and
mutational studies identified a 40-bp core region of the enhancer
important for enhancer activity. This region interacts with the
FGF signal transducers Erm and Pea3, whose functions are
required for expression in the retina. Our results demonstrate
that several distinct Fgfs act sequentially through this enhancer.
Inhibitor, knockdown and mutant analysis suggest in addition
that the propagation of the expression through the retina
depends on a cooperation between the Fgf and Shh signaling
pathways.
RetE controls expression in the developing retina
Shh is expressed in the GCL and amacrine cells of the INL in
the retina and this expression spreads from the initiation site at
the ventronasal aspect of the retina in a wave-like manner
(Neumann and Nuesslein-Volhard, 2000; Shkumatava et al.,
2004). Our mutational studies identified an enhancer (RetE) in
the first intron of the shh gene, which can drive expression in
the retina. This enhancer mediates onset and spread of
expression in both INL and GCL. Moreover, this sequence is
distinct from previously identified regulatory regions that
mediate expression in the notochord and ventral CNS (Muller
et al., 1999). In addition to RetE located in the ar-A fragment,
the 1.8-kb ar-B fragment harboring a floor plate enhancer
(Ertzer et al., 2007) drove also expression in the retina. This
expression was, however, restricted to the GCL and was only
detectable in 2 out of 4 stable transgenic lines. Thus, the ar-B
Fig. 8. Shh is required for transgene expression in the retina. (A–C) shh signaling mutants slow muscle omitted (smu) shows complete loss of GFP expression in the
retina (B) while sonic-you can express GFP at the initiation site (arrow) (C) when compared to -2.4shh:gfpABC transgenic line at 72 hpf (A). Embryos treated with
forskolin from 24 to 48 hpf show only initiation of GFP expression (arrowhead) (E) when compared to control embryos treated with DMSO (D). Forskolin-treated
embryos recover expression in the retina after removal of the chemical as seen at 54 hpf (F). Anterior is top in all images. L, lens. Scale bar, 50 μm.
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efficient than RetE. Moreover, these findings suggest distinct
mechanisms of regulation in the GCL and INL. This latter
notion is further underscored by the observation that mutations
in the M13 region of RetE impair specifically expression in the
GCL. This is also in agreement with the phenotype of lakritz
mutants. Lak mutants carry mutations in the ath5 bHLH
transcription factor gene and lack RGCs (Kay et al., 2001).
However, shh expression is unaffected in the INL of lak
mutants (Shkumatava et al., 2004).
A 40-bp long core region was identified to be absolutely
required for RetE activity. This core region which is conserved
between zebrafish and human shh is however, not sufficient to
replicate the enhancer function when analyzed in front of a
heterologous promoter and requires additional 85 bp of 5′
sequences (S.V. and U.S., unpublished). This observation is
reminiscent of other reports: for example the 424-bp Dc2
enhancer of the dachshund gene in mice driving expression in
the hindbrain, forebrain and retina contains a highly conserved
144-bp central region, which is necessary but insufficient to
recapitulate the expression (Poulin et al., 2005). Hutcheson et
al. (2005) have shown that the bHLH transcription factor ath5 is
regulated in the Xenopus retina by an enhancer harbouring a
pair of highly conserved E-boxes. These highly conserved E-
boxes are necessary but require an additional 48 bp to confer
tissue-specific expression (Hutcheson et al., 2005).
The conserved part of ar-A mediating notochord expression
in the zebrafish is inactive on its own in the retina. But it may
have a general enhancer effect that increases the expression in
the GCL. This conserved non-coding sequence was pointed out
to be a target of the Pou-domain transcription factor Brn3b in
the mouse shh gene. Brn3b activity is required for shh
expression in the mouse retina (Mu et al., 2004). Ar-A containsa conserved Brn3b-binding site and, in tissue culture cells,
Brn3b can activate constructs harboring the murine homologue
of ar-A (Mu et al., 2004). Despite the high sequence
conservation, conserved non-coding regulatory elements can
change their function quite dramatically during evolution
(Ertzer et al., 2007; Jeong et al., 2006). It is thus tempting to
speculate that the mouse ar-A homologue may have taken over
the role of a retina enhancer and that this may account for the
partial sequence conservation of this region from zebrafish to
mammals.
Pea3 and Erm regulate RetE activity in the retina
Motif search of the RetE sequence identified several
potential Erm- and Pea3-binding sites in the M12 and M13
core region. Several lines of evidence suggest that Erm and
Pea3 are required for RetE activity in the retina. First, the
expression of Erm and Pea3 coincides with that of shh in the
zebrafish retina (Munchberg et al., 1999; Neumann and
Nuesslein-Volhard, 2000) and this report. Erm is expressed
ubiquitously, while Pea3 transcripts were detected in the GCL
and in the central region of the retina at 34 hpf. Second,
knockdown of Erm and Pea3 with morpholinos abolished RetE-
dependent expression in the retina. Third, in vitro binding
assays demonstrate that recombinant Erm and Pea3 can bind to
the motifs in the RetE sequence. Finally, mutation of the
bindings sites results in reduction (M13) or complete loss (M12)
of enhancer activity. Taken together, these observations suggest
that the retinal enhancer requires Erm and Pea3 for controlling
expression in the retina.
Pea3, Erm and Er81 are members of the PEA3 subfamily of
ETS transcription factors (Chotteau-Lelievre et al., 2001;
Chotteau-Lelievre et al., 2003). They are expressed in several
211S. Vinothkumar et al. / Developmental Biology 314 (2008) 200–214tissues and act generally as transactivators (de Launoit et al.,
1997, 2000). PEA3 subfamily members have been shown to be
involved in a number of processes including neuronal
pathfinding (Arber et al., 2000; Livet et al., 2002) and to play
an important role in HER2/Neu-mediated mammary oncogen-
esis (Shepherd et al., 2001). Erm and Pea3 but not Er81 act
downstream of Fgf signals (Firnberg and Neubuser, 2002;
Munchberg et al., 1999; Raible and Brand, 2001; Roehl and
Nusslein-Volhard, 2001; Roussigne and Blader, 2006). Fgf
signaling activates the ERK/MAP kinase pathway and leads to
the up-regulation of the expression of PEA3 subfamily
members. Erm and Pea3 both possess ETS domains that are
95% conserved and share a similar consensus sequence (Brown
et al., 1998), in agreement with the observed redundancy in the
morpholino knockdown experiments.
Point mutations in the binding site for Erm/Pea3 in the M13
region lead specifically to the loss of transgene expression in the
GCL. Thus, the Erm/Pea3 site in the M13 sequence is
specifically required for GCL expression. Our results are best
interpreted in that Erm/Pea3 and thus also Fgf signaling act as
permissive factors for transgene expression in both the INL and
GCL. Most likely Erm and Pea3 require as yet unidentified,
layer-specific factors to cooperate with. Mutation of the Erm/
Pea3-binding site in the M13 region could thus abolish the
interaction with an unknown GCL-specific co-factor, thereby
leading to loss of transgene expression specifically in the GCL.
The mutational data indirectly provide evidence that in
addition to Erm and Pea3 several other co-factors have to
interact with the retinal enhancer to render it functional in the
retina. AP-1 is a transcription factor consisting of Jun/Fos
family proteins interacting with adjacent Ets domain factors in a
large number of promoter/enhancer elements (Wasylyk et al.,
1993; Westermarck and Kahari, 1999). Ap1 is expressed in the
retina. However, mutation of a putative binding motif for AP1
did not lead to loss of the expression in the retina (S.V. and U.S.,
unpublished). Two other proteins interacting with Pea3/Erm
were identified recently in a yeast screen (Greenall et al., 2001;
Guo et al., 2006). USF1 interacts with Pea3 via its HLH domain
and enhances binding of Ets proteins (Greenall et al., 2001). The
other factor LPP is a co-regulatory protein that affects PEA3
function (Guo et al., 2006). There is no evidence so far for these
factors being expressed in the zebrafish retina.
We did not find E-boxes in the RetE enhancer making it
unlikely that Ath5 interacts directly with this region (Doyle et
al., 1994). We also did not detect binding sites for the zinc finger
transcription factors Gli1 to 3 that are mediators of Hh signaling
(Bai et al., 2004; Motoyama et al., 2003). Either the effect of
Shh is indirect or other mechanisms of Shh signal transduction
are used as suggested for regulation of the COUP-TFII gene
(Krishnan et al., 1997).
Multiple Fgfs cooperate in the control of RetE
In agreement with the role of the Fgf signal transducers Erm/
Pea3 as regulators of RetE, a requirement of Fgf signaling for
establishment and propagation of transgene expression in the
retina was indicated by the results of the SU5402 inhibitor andmorpholino knockdown experiments. Several Fgfs are required
for transgene expression in the retina. Fgf8 and Fgf3 emanating
from the optic stalk are necessary to initiate retinal differentia-
tion (Martinez-Morales et al., 2005). We show here that RetE
activity depends on Fgf3 and Fgf8 that appear to redundantly
contribute to the initiation of expression in the retina. In
addition, we provide evidence that Fgf19 plays a role in
propagation of expression: Fgf19 morphants initiate expression
in most cases but then fail to spread transgene expression
through the retina. Thus, these different FGFs appear to act in
sequence. While Fgf3/Fgf8 establishes transgene expression at
the ventronasal region, Fgf19 is required for propagation of
expression. The cooperative activity of Fgf family members
with overlapping expression domains seems to be a common
theme in FGF signaling (Draper et al., 2003; Leger and Brand,
2002; Maroon et al., 2002; Maves et al., 2002; Picker and
Brand, 2005; Reifers et al., 2000; Walshe et al., 2002; Walshe
and Mason, 2003; Yasuo and Hudson, 2007). Fgf3 and Fgf8
cooperate, for example, also in forebrain patterning and
intriguingly control also in this context the expression of shh
(Walshe and Mason, 2003).
FGF and Shh signaling in the control of RetE
Shh acts at different levels of eye morphogenesis (Amato et
al., 2004). Early it is required for specification of the optic stalk
and proximodistal patterning of the retina (Ekker et al., 1995;
Macdonald et al., 1995; Perron et al., 2003). Then shh has been
proposed to drive the propagation of retinal differentiation
(Shkumatava et al., 2004; Stenkamp and Frey, 2003) including
the spread of its own expression (Neumann, 2001; Neumann
and Nuesslein-Volhard, 2000) suggesting an autoregulatory
loop.
The origin of Shh in eye neurogenesis has been disputed
(Kay et al., 2005; Masai et al., 2005; Neumann and Nuesslein-
Volhard, 2000). Kay et al. (2005) proposed that Shh emitted
early from the midline of the embryonic axis establishes a
prepattern in the eye primordium that is sufficient to allow
neurogenesis to occur at a later stage. Our results suggest that
the expression of the transgene involves a forskolin-sensitive
mechanism. When applied from 24 h onwards, expression
commenced in the ventronasal region but then failed to spread.
This inhibition is reversible as expression recovers after
removal of the inhibitor. Thus enhancer activity appears to
follow the sequential induction model. Consistent with these
findings, a significant proportion of shh (syu) mutants
succeeded in establishing ventronasal expression in the retina,
presumably due to the residual activity of twhh. However, we
did not observe spread of expression to other parts of the retina
in shh mutants suggesting that Shh is needed for propagation of
expression.
Mutant and inhibitor studies indicate a requirement for both
Shh and Fgf19 for propagation of transgene expression through
the retina arguing for a functional interaction between Shh and
Fgf. Fgf and Hh signaling were shown to have intimate
relationships also in other areas of the developing vertebrate
embryo. In zebrafish, they were implicated in ventral
Fig. 9. Summary of the mechanisms controlling RetE activity in the retina. Shh from the midline is required for development of the optic stalk and Fgf3 and Fgf8
expression. Fgf3 and Fgf8 then initiate shh expression in the ventronasal position of the retina. Once initiated, the newly formed RGCs secrete Shh which acts in
parallel with Fgf19 and the wave spreads leading to expression in the GCL and INL of the retina.
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sion depends on signaling by Fgf3 and Fgf8 (Walshe and
Mason, 2003). Similarly, in the Medaka eye and mid–hindbrain
boundary, injected shh induces spalt gene expression, and this
requires Fgf signaling in addition (Carl and Wittbrodt, 1999). It
is thought that Fgf signaling in this latter case induces a
competence domain and Hh specifies the dorsoventral extent of
spalt expression. This is reminiscent of the permissive role of
Fgf19 in the establishment of shh expression in the eye, which
we propose here (see below).
It is unclear how FGF19 and Shh cooperate to establish
transgene expression in the retina. In the forebrain, Fgf19
functions downstream of the Hh pathway (Miyake et al., 2005).
Fgf19 appears to act via Erm and Pea3 as signal transducers
directly on transgene expression suggesting an activity in
parallel rather than a downstream role in the retina. FGF19 is
expressed throughout the retina and is more likely a permissive
signal for transgene expression. Cross talk between FGF
signaling and the activity of the Gli transcription factor has
been reported in the forebrain of Xenopus embryos (Brewster et
al., 2000). However, we did not find any Gli binding sequences
in the RetE. It thus remains to be established how shh activates
its own expression.
Developmental model
These and the other data are consistent with a model in
which Hh and Fgfs act at multiple distinct steps of the
developmental pathway leading eventually to expression of
shh in the retina (Fig. 9). The shh signaling mutant smu
shows complete loss of shh transgene expression. Smu mutants
lack the optic stalk (Varga et al., 2001) and the expression ofFgf3 and Fgf8 in the forebrain is at least in part under the
control of Hh signaling (Miyake et al., 2005). Thus, Hhs acts
early upstream of Fgf3 and Fgf8. These two Fgfs secreted from
the optic stalk then establish shh expression at the ventronasal
patch of the retina. Both Fgf19 and Shh signaling are required
to propagate the expression through the retina. The pattern of
Erm, Pea3 and Fgf19 expression did not indicate directionality
in FGF signaling that could explain the spread of expression
from the ventronasal aspect through the rest of the retina. It is
tempting to speculate that directionality is given by the
autoregulatory activity of Shh (Neumann and Nuesslein-
Volhard, 2000) once shh expression has been established at
the ventronasal patch (Fig. 9).
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